al., 2011). Furthermore, projected changes in the timing and frequency of rainfall events coupled with rising temperatures may exacerbate the negative impacts this heat-tolerant species has on warm season crops (McDonald et al., 2009; Davis et al., 2015) . To address these issues, a bioclimatic niche model for Palmer amaranth was developed (i) to estimate its potential global distribution under current climatic conditions and (ii) to apply future climate scenarios in order to assess the sensitivity of Palmer amaranth to climate change.
Materials and Methods

Distribution of Palmer Amaranth
The known distribution of Palmer amaranth was assembled from the multiple sources (EPPO, 2017; GBIF, 2017; SEINet, 2017) . Palmer amaranth has invaded several countries in Europe, Africa, and South America. It is recorded as naturalized in Egypt, Israel, Madeira Island, Turkey, and Cyprus. It has been detected in Italy and Tunisia. Multiple populations have been reported in Greece and Spain. This species is reported to be casual (i.e., ephemeral) in Japan, Luxembourg, Belgium, Germany, the Netherlands, Norway, the United Kingdom, and Sweden. In South America, herbicide-resistant populations of Palmer amaranth have been reported in key row-crop production regions across Argentina (Berger et al., 2016) and Brazil (Küpper et al., 2017) .
CLIMEX Software and Fitting Model Parameters
To model Palmer amaranth distribution, we used CLIMEX, a process-oriented climate based niche modeling package that uses an eco-physiological growth model (Kriticos et al., 2015) . This software has been used to model the potential distribution of a wide range of species under both current and future climate scenarios (Jaramillo et al., 2011; Kriticos and Brunel, 2016) . The key assumption behind CLIMEX is that climate is the primary determinant of the geographical distribution of a species. The final output of CLIMEX is the Ecoclimatic Index (EI) which indicates the overall climatic suitability of a location for the persistence of the species under investigation. The EI value is scaled from 0 to 100, and theoretically, species can establish if EI > 0. Table  1 summarizes the parameters used in the CLIMEX model for Palmer amaranth. The model was fitted by iteratively adjusting the stress and growth parameters to the known distribution of Palmer amaranth in North America. Occurrence records in Europe, South America, and Africa were then used to validate the model. CLIMEX analyzes annual temperature and moisture indices to determine how suitable each location is for population growth (i.e., growth indices; see Sutherst and Maywald, 1985) . Given that a lower soil moisture threshold (SM0) of 0.1 equates to the permanent wilting point for plants with moderate rooting depth, SM0 was set to 0.008 to account for Palmer amaranth's deep root system (Forseth et al., 1984) . The upper soil moisture threshold (SM4) was set to 1.4, which accorded with its presence in high rainfall areas, including Brazil. Jha et al. (2010) observed a thermal range of 10 to 40°C for seed germination. Guo and Al-Khatib (2003) found the optimal temperature regime for Palmer amaranth at 35(day)/30(night)°C, with lethal temperatures occurring at 45(day)/40(night)°C. Therefore, the temperature indices were set as DV0 = 10°C, DV1 = 30°C, DV2 = 35°C and DV3 = 43°C (Table 1 ). The minimum amount of thermal accumulation necessary for population persistence (PDD) was set to 1100°C days above 10°C (DV0), barely allowing persistence at the northernmost known records in Minnesota, USA. The stress indices limit the potential growth of a population in a given location. Palmer amaranth seeds exhibit dormancy mechanisms and form seed banks. However, these small seeds need to remain near the soil surface to germinate, making them vulnerable to extreme temperatures (Rana et al., 2017) . As such, a cold stress temperature threshold (TTCS) was set at -10°C with the stress accumulation rate (THCS) set at -0.001 wk -1 (Table  1 
Climate Data
The Palmer amaranth model was fitted using a 1981 to 2010 global climatological dataset (Kriticos, personal communication, 2017) . This dataset represents the baseline climate and consists of monthly longterm averages for daily minimum and maximum temperature (°C), relative humidity (%), and rainfall totals (mm) (Kriticos et al., 2012) . The averages are centered on the year 1995. Two global climate models (GCMs), GFDL-ESM2M (NOAA-GFDL, USA) and CNRM-CM5 (CNRM-CERFACS, France) with the representative concentration pathway (RCP) 8.5 emission scenario for the year 2050 were used in this study to represent possible future climates (Moss et al., 2010) .
Results and Discussion
Current Climate
The modeled potential distribution of Palmer amaranth is extensive, and the weed's known distribution is fully consistent with the projected EI (Fig. 1) . Overall, its poleward extent is currently bounded by its inability to accumulate sufficient growing degree days to complete its life cycle. Within these broad geographic limits, some high altitude areas were restricted by cold stress. Persistence of this species in the equatorial tropics is limited by hot-wet stress. The ephemeral populations in northern Europe and Japan occur in locations where the CLIMEX model indicates minor population growth potential, resulting in an unsuitable or marginal EI (Fig. 1) . Model outputs also indicate the potential for substantial range expansion and infill in Europe, North America, and South America (Fig. 1) . Since Palmer amaranth recently invaded agroecosystems in South America, notably through human activity, it is likely that other regions of agronomic importance will be invaded in the near future. For Australia, all major cotton, corn, and soybean growing regions are at high risk for Palmer amaranth establishment (Fig. 1) . In Africa, the top corn producing countries of Nigeria, Ethiopia, Tanzania, and South Africa are climatically suitable (Fig. 1) . Large portions of central Asia, eastern Asia, the Middle East, Madagascar, and the Caribbean Islands are climatically suitable for establishment (Fig. 1) . 
Future Climate
Under the two GCMs with the RCP 8.5 emission scenario for 2050, modeled distribution of Palmer amaranth in the Northern Hemisphere expands poleward as minimal growing degree day requirements for persistence are met (Fig. 1) . In Europe, casual populations in Belgium, the Netherlands, Germany, and southern United Kingdom would likely be able to establish permanent populations (Fig. 1) . In Canada, the risk of Palmer amaranth establishing in key corn and soybean growing regions in Ontario, Quebec, and Manitoba greatly increases by 2050 (Fig. 2) . In the United States, climate is projected to become more suitable for Palmer amaranth, including in the southeastern cotton and midwestern corn-soybean growing regions under both GCMs but more so under the CNRM-CM5 model (Fig. 2) . Increased climatic suitability in the Northern Hemisphere was the result of rising temperatures, which enhanced Palmer amaranth population growth potential and lengthened its growing season.
In contrast, the suitable range in the Southern Hemisphere did not differ much between the future climate scenarios and current climatic conditions (Fig. 1) . Under the CNRM-CM5 model, notable decreases in climatic suitability across Mato Grasso, Brazil, were due to accumulated hot-wet stress values above 100, CLIMEX's threshold for lethal conditions (Fig. 1) . However, CLIMEX projections also indicated substantial population growth potential throughout this region under future climate. Given the adaptive potential of this weed in conjunction with the widespread occurrence of row-crop agriculture in this region, we suspect that Palmer amaranth will continue to threaten Brazilian agriculture in the future.
Implications
Overall, model outputs indicate that the greatest climatic risks from Palmer amaranth establishment are to key rowcrop production regions in Africa and Australia. Under future climate change, Palmer amaranth will likely expand northward into Canada and portions of northern Europe. In the United States, projected changes in the timing and intensity of rainfall events, coupled with rising temperature, could give Palmer amaranth an even greater competitive edge over warm-season crops. However, this study only examined the effects of climate on Palmer amaranth. Elevated CO 2 has been shown to increase weed growth and reduce herbicide efficacy, adding to the potential for increased competition between crops and weeds (Ziska et al., 2004; . Future research should examine the effects of soil properties, CO 2 levels, and biotic interactions with the growth potential of this weed (Davis et al., 2015) . Given Palmer amaranth's strong adaptive capabilities, successful management of this species should not rely solely on herbicides, especially in light of climate change. To successfully combat Palmer amaranth, weed management programs should incorporate multiple tactics. High-risk regions should be proactive in preventing entry of this weed. 
